Cell walls of the fungus, Allomyces, were isolated by chemical procedures, using either potassium permanganate oxidation or glacial acetic acid hydrogen peroxide treatment followed by dilute mineral acid. The structure of the treated walls was investigated by means of electron microscopy and electron diffraction analysis which showed that rhizoidal walls were especially suitable for observation. Chitin microfibrils exist in the extreme tips of rhizoidal walls, and tend to lie in a preferred longitudinal orientation. Older rhizoidal wall segments show a crossed fibrillar structure under a thin layer of short randomly arranged microfibrils. In the possession of systems of crossed fibrils these walls are like the cell walls of certain green algae. Walls of branch rhizoidal filaments were observed in the early stages of development, in which case the observed microfibrillar orientations are such that it is possible to envisage their origin fi'om pre-existing fibrils that have passively reoriented. With respect to the continued growth of the filaments, however, it is difficult to explain the observed microfibrillar arrangements in terms of the "multi-net" theory.
INTRODUCTION
One of the most obvious voids in information concerning the cell walls of plants is in the basic knowledge of the fine structure of fungal walls. This is particularly the case with filamentous fungi since, until just recently, only a single genus, P]¢vcomyces, had been investigated by means of electron microscopy. With the survey of the cell walls of some lower Phyco~y~vcetes (Aronson and Preston, 1960) , however, this deficiency was partially removed. In that investigation it was demonstrated that in the five genera studied the walls consisted to a large degree of chitin in the form of microfibrils. One of the organisms examined at that time, Allomyces, has been the object of a relatively detailed chemical analysis (Aronson and Machlis, 1959) and the present report is conThe technical assistance of Mr. G. W. Ripley and Mr. R. K. White in the electron microscopy is gratefillly acknowledged. This investigation, in part, was made possible by a postdoctoral research fellowship and supply grants awarded to one of us (J. M. A.) by the National Institutes of Health, United States Department of Health, Education and Welfare.
cerned with the o r g a n i z a t i o n of the walls as revealed by electron microscopy a n d electron diffi'action analysis.
M A T E R I A L S A N D M E T I I O D S
The organism used in this investigation was the Burma 1 Da strain of Allomyces macrownus (provided by Dr. Ralph Emerson, University of California, Berkeley). T h e fungus was maintained and cultivated according to procedures that have been described in detail by Machlis (1953) . Machlis' minimal m e d i u m was usually supplemented with 2.0 gin. of Difco yeast extract per liter of culture medium. Mycelia were harvested in the linear phase of growth. Two preparative techniques were used to remove non-chitin wall constituents. The first, based upon the work of Scholl (1908) , involved the use of potassium p e r m a n g a n a t e oxidation. The details of this method have been published elsewhere (Aronson and Preston, 196()) . T h e second procedure was a modification of the method of Rcelofsen and Houwink (1953) . The fungus mycelia were extracted with hot 2 per cent potassium hydroxide followed by washing with water. The material was then treated at 7fl°C. with a solution consisting of equal volumes of glacial acetic acid and 30 per cent hydrogen peroxide. After 1 hour of treatment, the mycelia were washed with water and then boiled for 6 hours in 2 per cent sulfllric acid. Finally the residual material (cell walls) was washed repeatedly with distilled water. It was not always possible to detect line structure of the cell walls in the electron microscope. This variability was encountered with both preparative methods. T h e second method (above), however, has the advantage of requiring less time. To obtain small wall segments suitable for electron microscopic observations, the chemically prepared walls were ground in a tissue homogenizer. Drops of an aqueous suspension of wall particles thus produced were placed on formvar-coated specimen grids and, alter the drops had dried down, the specimens were shadowed with Pd-Au or with Pt. T h e grids were examined in a Philips E. M.-100 electron microscope.
Some of the cell wall material was examined in the Philips microscope modified for electron diffraction. In these instances, the specimens were shadowed with a l u m i n u m and the spacings corresponding to chitin reflections were calculated with reference to the superimposed a l u m i n u m reflections. T h e details of this method can be found in Belford, Myers, and Preston (1959) . Since chitin reflections from the material were transient, it was necessary to scan at very low b e a m intensity until a suitable specimen was found. After the diffraction diagrams had been recorded, the specimens giving rise to the diffraction were photographed.
O B S E R V A T I O N S

Morphology
T h e following description of the m o r p h o l o g y of the f u n g u s is given as essential to a full u n d e rs t a n d i n g of the results of the investigation. A m o r e detailed m o r p h o l o g i c a l description m a y bc found in E m e r s o n (1941). T h e vegetative thallus of Al[ornv<'es arises from a single, motile spore which, u p o n g e r m i n a t i o n , forms first a rhizoid a n d t h e n a h y p h a . These two structures develop at opposite ends of the spore. Both the h y p h a l a n d rhizoidal systems grow as e l o n g a t i n g filaments w h i c h u ndergo periodic b r a n c h i n g . In addition, rhizoids can arise secondarily from h y p h a l s e g m e n t s at various places. T h e principal difference between h y p h a e a n d rhizoids is one of size the h y p h a e h a v i n g d i a m e t e r s of 15 to 7 0 # , while rhizoids r a n g e in size fi'om 2 to 15 g. T h e s e size differences can be correlated directly with age. T h e rhizoids a n d h y p h a c are t h i n n e r at their apices a n d are progressively wider a w a y fi'om the tip.
W h i l e it was i n t e n d e d to deal primarily with h y p h a l walls, e x a m i n a t i o n revealed that rhizoidal FIGURE 1
Electron micrograph of an untreated rhizoid tip in which no line structure is apparent. Shadowed with Pd-Au. X 29,100.
FIGURE ~
An electron micrograph of the apex of a chemically treated rhizoid showing microfibrils at the extreme tip. Just behind the apex a crossed fibrillar structure is evident. Shadowed with Pt. X 52,400. walls had many features of interest and, in addition, generally were much less opaque to the electron beam. Consequently, much of the information on wall structure refers to rhizoids.
Electron Microscopy
Apical portions of rhizoids are illustrated in Figs. I to 3. For comparative purposes the tip of an untreated rhizoid is shown (Fig. 1) . While some distortion is evident in tips which have been subjected to chemical and mechanical treatment (Figs. 2 and 3 ) this is clearly not unduly drastic. It is apparent that chitin microfibrils exist in the region of the extreme tip, and there seems to be some tendency towards axial orientation. In Fig.  2 there is even an indication of a crossed fibrillar structure.
The structures illustrated (Figs. 1 to 3) were, before treatment, the functional apices of long attenuated filaments. As was mentioned previously, branching occurs along such filaments with regularity. In Figs. 4 and 5 the walls of branches are seen in early stages of development. The highly oriented microfibrils in these localized protuberances can be recognized immediately as another feature of rhizoidal wall structure. Even though there are folds due to flattening on the supporting film, the microfibrils in the "parent" wall segment are seen to be aligned either longitudinally or with only a slight inclination to the longitudinal axis (Fig. 4) . This is not quite so apparent in Fig. 5 but can be inferred from the striations in the upper right-hand portion of the photograph. If the highly oriented fibrils in the walls of the primordial branch had arisen from pre-existing fibrils in a parent wall segment, a considerable degree of displacement would have been necessary. There is, however, continuity between the two areas, and if a passive reorientation hypothesis is to be rejected, the only other apparent explanation is that the cytoplasm has the ability to produce fibrils in the branch continuous with those of the parent segment. If one considers only the protuberance and the portion of parent wall immediately below (delimited by dotted lines in Fig. 4) , the sequence of fibrillar orientations, from the base of the branch upwards and with respect to the longitudinal axis of the branch, is from transverse through random to longitudinal. This sequence of orientations is compatible with the multi-net theory of cell wall extension (Roelofsen and Houwink, 1953; Houwink and Roelofsen, 1954) . Nevertheless, the fundamental explanation with respect to growth remains obscure in that no evidence can be derived concerning those attributes of the cytoplasm and cell wall responsible for the occurrence of these branch filaments at certain loci. Fig. 6 shows a part of the wall from a larger (and therefore older) segment of rhizoid. This area possesses, without doubt, a crossed fibrillar structure which lies below a superficial layer of short disoriented fibrils. The crossed microfibrils undoubtedly form two helices in the wall, one a right-handed helix, and the other a left-handed helix. The two directions of orientation are indicated by the crossed lines, the interstriation angle being approximately 60 ° . Wall segments showing this type of fibril arrangement have been observed frequently with this material. However, the disadvantage of homogenized material is apparent here, since the portion of a filament from which these segments originate cannot be determined with certainty. Consequently a rational interpretation of the observed structure is not possible. The type of structure generally observed in younger parts of rhizoidal walls is illustrated in FIGURE 4 Electron micrograph of the wall of a branch rhizoid in an early stage of development. Note the axial alignment of microfibrils in the parent wall and in the wall of the branch. Taking the portion of parent wall (indicated by the dotted lines) as a part of the branch filament, the sequence of microfibrillar orientations is in agreement with the multi-net theory (see text). Shadowed with Pt. X 36,000. Another branch rhizoid again showing a high degree of fibrillar orientation. Orientation in the parent wall segment is indicated at the upper right. Shadowed with Pt. X 43,500.
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THE JOURNAL OF BIOPHYSICAL AND BIOCHEMICAL CYTOLOGY • VOLUME 8, 1960 Fig. 7 . In this case the segment is not far removed from the apex. While some fbrils are clearly inclined considerably from the longitudinal direction, the net orientation seems to be longitudinal. This is evident also in the electron diffraction diagrams to be considered below. Certain features of hyphal wall structure are illustrated in Figs. 8 and 9 . A broken edge (Fig. 8) shows the outer layer of the wall (O) and the inner layer (I). The inner layer is seen to be highly oriented along the longitudinal axis. These highly oriented microfibrils are seen at higher magnification in Fig. 9 . The same type of axial orientation of fibrils is known in the walls of the sporangiophores of Pkycomvces (Frey-Wyssling and Mtihlethaler, 1950; Roelofsen, 1951; Middlebrook and Preston, 1952) , in which they have been shown to be part of the secondary wall.
With regard to Allomyces, however, nothing is known of the way in which new cell wall material is laid down or how growth occurs and, therefore, the significance of these oriented fibrils cannot be determined.
Electron Diffraction
Examples of the results obtained by electron diffraction are shown in Figs. 10 to 12. Fig. 10 is the diagram derived from the rhizoidal walls shown in Fig. 11 . The two wall segments are in approximate alignment, and the slight folding of one segment is of no importance for present purposes. The diffraction diagram is in agreement with the general conclusions, based upon electron microscopy, that the visible chitin microfibrils generally show a preference for longitudinal orientation. It is interesting to compare the results of electron diffraction in this study with those obtained by x-ray analyses of the sporangiophore walls of Phycomyces (Heyn, 1936; Middlebrook and Preston, 1952) . Although fewer arcs are present, the diagrams obtained in this investigation are similar to x-ray diagrams obtained from a region of Pkvcomyces walls just below the growth zone. The structure of the Pkvcon(vces walls, however, was more highly oriented. Fig. 12 shows another electron diflYaction diagram obtained from a different rhizoidal wall segment (not illustrated). This diagram indicates the same orientation as does the previous one (Fig. 10) .
DISCUSSION
The structural framework of the walls of both the hyphae and rhizoids of Allornyces therefore takes the form of microfibrils which can be identified as chitin, as already mentioned in a previous paper (Aronson and Preston, 1960) . In hyphal walls and older rhizoidal wails, the microfibrils of the outermost layer of the wall are arranged at random and, in the material ilhlstrated here, are comparatively short. This latter feature may, however, arise as a consequence of degradation due to chemical treatment. Underneath this layer the inner layers of the walls carry microfibrils which are long and which tend to be oriented longitudinally in hyphal walls and in helices in rhizoidal walls. The frequent observation of crossed microfibrils in rhizoidal wails suggests that at least two lamellae are present in this inner layer. In this the fungus Allomyces resembles somewhat the green algae Cladopkora (Astbury and Preston, 1940; Nicolai and Preston, 1952; Frei and Preston, 1960) and Chaetomorpha (Nicolai and Frey-Wyssling, 1938; Nicolai and Preston, 1952) .
It is probable that the randomly arranged microfibrils were the first to be laid down, but the relationship between the growth processes and FIGVRE 6
Electron micrograph of a portion of the wall of an older rhizoidal segment. The crossed lines indicate the directions of the two systems of oriented microfibrils. Randomly arranged short fibrils lie on the surface. The edge of the wall segment (lower right) is approximately parallel to the longitudinal axis of the filament. Shadowed with Pt. X 36,000.
FmURE 7
An electron micrograph of a portion of rhizoidal wall just below the apex. The microfibrils stlow a preferred longitudinal orientation and some indication of a steep helix. Shadowed with Pt. X 43,500. changes in orientation from layer to layer will remain obscure until more is known of the growth in this genus.
Reference has already been made to the multinet theory (Roelofsen and Houwink, 1953; Houwink and Roelofsen, 1954) , which explains observed fibrillar orientations in certain types of cells as being simply a consequence of passive translation of pre-existing fibrils. The merits and limitations of this theory have been adequately set forth by Setterfield and Bayley (1957; 1958) and by Preston (1958) . The formation of branch rhizoidal filaments seems to involve reorientation of microfibrils in the walls. After some elongation has occurred, however, the apices of both primary and branch rhizoids show a preponderance of microfibrils which tend to be oriented longitudi-
FIGURE 8
Electron micrograph of a hyphal wall segment which has broken in such a way as to reveal an outer layer (0) of randomly arranged microfibrils and an inner layer (I) of highly oriented lnicrofibrils. The oriented fibrils run parallel to the longitudinal axis of the filament. Shadowed with Pt. X 13,800. The inner layer of a hyphal wall segment (I in Fig. 8 ) at higher magnification. Shadowcd with Pd-Au. X 43,500.
(FIOlmES 10, 11, 12 on next page) Electron diffraction diagram of the rhizoidal wall segment illustrated in Fig. 11 . The diffraction diagram and the electron micrograph are in their correct mutual orientation. Longitudinal orientation in the wall segment is indicated by the diffraction diagram.
Another electron diffraction diagram of a rhizoidal wall segment (not illustrated). This diagram shows the same orientation as does the previous one, Electron micrograph of a rhizoidal wall segment. Shadowed with A1. X 12,000.
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